Austenitic stainless steel SUS 316L was nitrided by active-screen plasma nitriding (ASPN) to investigate the effect of surface deposits from the screen on the nitriding layer formation. ASPN experiments were carried out using a DC plasma-nitriding unit. The sample was placed on the sample stage in a oating potential (bias-off) and a cathodic potential (bias-on). The screen, which was SUS 316L expanded metal with 38% open area ratio, was mounted on the cathodic stage around the sample stage. Nitriding was performed in a nitrogen-hydrogen atmosphere with 25% N 2 + 75% H 2 for 18-180 ks at 673 K under 200 Pa by the ASPN process. After nitriding, the nitrided samples were examined using scanning electron microscopy, X-ray diffraction, Vickers microhardness and glow discharge optical emission spectroscopy. From the surface observation of the nitrided sample, deposits were observed on the top surface of the sample nitrided with bias-off whereas deposits were not on that nitrided with bias-on. The nitrogen-expanded austenite (S phase) was formed on the surface of both samples. Layer thickness of the S phase increased with increasing the nitriding time. Additionally, the degree of an increase of the layer thickness of the S phase nitrided with bias-on was approximately 2.5 times greater than that nitrided with bias-off. This result suggests that the ASPN treatment with bias-on is effective for the increase of the nitriding layer thickness.
Introduction
The nitriding process is widely used to improve the tribological properties and wear resistance and corrosion resistance of steel and titanium alloys. In commercial nitriding system, the uptake of nitrogen is performed in various environments, such as salt bath, gas and glow-discharge plasma. Each technology has associated advantages and disadvantage. Plasma nitriding is becoming increasingly popular due to its high nitrogen potential, short treatment time and low environmental impact. [1] [2] [3] [4] [5] [6] [7] However, the components to be treated are subjected to a high cathodic potential in traditional DC plasma nitriding (DCPN), which results in the production of plasma directly on their surface. As a result, edge effect, arcing and hollow cathode occur. 8) Recently, considerable interest has been paid to alternative nitriding processes such as active screen plasma nitriding (ASPN), through-cage plasma nitriding, and cathodic-cage plasma nitriding. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] These processes offer the advantage of completely eliminating that defection associated with conventional plasma nitriding processes, as the plasma is produced on the screen and not directly on the samples. [9] [10] [11] These processes can be used to treat polymers that are nonconductive materials. [24] [25] [26] Stainless steel has good corrosion resistance because the chromium containing in the steel forms a passive layer on the steel surface. Therefore, stainless steel has various applications, such as in chemical and nuclear industries, and it is also used as a structural material. However, plasma nitriding at temperatures between 723 and 823 K decreases the corrosion resistance. Since chromium in steel reacts with nitrogen to form chromium nitride, it decreases the concentration of chromium in the matrix, which is necessary for the formation of stable passive layers. Therefore, low temperature plasma nitriding was used. The plasma nitriding treatment of austenitic stainless steel below 723 K forms a nitriding layer called an S phase (expanded austenite), which improves the surface hardness without decreasing the corrosion resistance. [27] [28] [29] [30] [31] [32] [33] [34] In a previous study, S phase was formed by ASPN. 9, 16, 17, 33, 35) A recent research suggested that a deposited layer was formed on the sample surface during ASPN. [36] [37] [38] However, little information has been reported on the effect of the surface deposits on the nitriding layer formation during ASPN process. In this study, austenitic stainless steel SUS 316L was nitrided with a oating potential (bias-off) and a cathodic potential (bias-on) of ASPN process to investigate the effect of surface deposits from the screen on the nitriding layer formation.
Materials and Experimental Procedure
The sample material used in this study was austenitic stainless steels SUS 316L (chemical composition (mass%) of 0.013% C, 0.18% Si, 1.69% Mn, 0.034% P, 0.012% S, 16.75% Cr, 12.02% Ni, 2.00% Mo, and the balance being Fe). The stainless steel sample was 20 mm in diameter and 5 mm in thickness. Prior to nitriding, the stainless steel sample surface was mechanically ground with 150-2000-grit SiC, nely polished with 0.05 µm diamond paste, ultrasonically degreased in acetone, and dried in air. The preconditioned sample was then placed in a nitriding furnace for further ASPN treatment. ASPN experiments were conducted with a DC plasma-nitriding unit (NDK, Inc., Japan, JIN-1S). The ASPN setups are shown in Fig. 1 . In Fig. 1(a) , the sample was also placed on the stage but without insulative material and thus connected directly to the cathodic potential and consequently the plasma formed both on the samples and active screen (bias-on). In Fig. 1(b) , the sample was placed at a oating potential (bias-off) on an insulative material (ceramic crucible) and isolated from the cathodic cage screen and the anode.
The screen material used in this study was SUS 316L of expanded metal mesh with open area of 38%, formed into a cylinder of 130 mm diameter and 60 mm height. The distance between the screen and the sample was 10 mm. The screen was thoroughly degreased ultrasonically in acetone. After placing the sample on the sample stage, the chamber was evacuated to a pressure of approximately at 8 Pa. Then, nitrogen and hydrogen were introduced into the chamber, and a DC bias voltage was supplied. Nitriding was performed in a nitrogen-hydrogen atmosphere with 25% N 2 + 75% H 2 for 18-180 ks at 673 K under 200 Pa by the ASPN process. After nitriding, the DC supply was switched off, and the sample was cooled to room temperature in the furnace. The nitriding temperature was monitored with a radiation thermometer positioned at the sample.
The phase structure on the nitrided surface was determined by θ-2θ X-ray diffraction (XRD; RIGAKU, Japan, RINT-2550V). The entire area of the top surface of nitrided samples was analyzed by XRD. The nitrided microstructure and compositional analysis of nitrogen were examined with a scanning electron microscope (SEM; JEOL, Japan, JSM-6060LV) and a glow discharge optical emission spectroscopy (GD-OES; Horiba, Japan, GD-pro ler2). For this, cross sections of each sample were rst cut using a low-speed saw, then polished, and chemically etched.
Results and Discussion
The external appearance of the nitrided samples was visually examined, as shown in Fig. 2 . Appearance of sample surface treated by the ASPN processing has uniformly and the edge effect and arcing were not observed. The surface gloss was lost as the processing time increased. Furthermore, in the ASPN process, the samples were heated to the treatment temperature by the heat radiation from the active screen, which promoted a higher homogeneity of temperature in the treated samples. 10) Figure 3 shows the XRD patterns of the SUS 316L treated by the ASPN processing. In Fig. 3 , XRD pattern of the SUS 316L treated by the ASPN processing identi ed S phase (expanded austenite), 27, 28) which is considered to be a supersaturated solid solution of nitrogen in austenite. For the longer nitriding time, peaks of S phase were shifted to lower angle compared with the XRD pattern of the sample nitrided for 18 ks with bias-on of the ASPN process. Moreover, CrN was also identi ed on the samples treated with the bias-off. The diffraction angle of the S phase nitrided with the bias-on was lower than that nitrided for the bias-off. This result shows that solid solution of nitrogen in the S phase nitrided with the bias-on was more than that nitrided for the bias-off. Figure 4 shows surface morphologies of the sample treated with bias-on and bias-off of the ASPN process. Polygonal particles were observed on the surface nitrided with the bi- as-off while they were not observed for the bias-on. This result indicates that in the bias-on, plasma forms on the screen and the sample and sputtering on the sample always occurs. Therefore, no deposited layer formed with the bias-on of the ASPN. These polygonal particles are considered to be surface deposits. 36, 37) These particles became coarser with increasing nitriding time. This result indicates that the FeN deposition increased with increasing treatment time, and these deposited particles grew. 10, 11) The microstructures of the cross sections of the samples treated by the ASPN process are shown in Fig. 5 . An S-phase layer, which was slightly corroded by oxalic acid, was observed on the both sample surfaces. 27, 28) Moreover, a deposited layer was also observed on the S-phase layer for the ASPN (bias-off) whereas not for the ASPN (bias-on). This deposited layer is considered to be composed of S phase and CrN, as shown in Fig. 3 . Several researchers have proposed a model of sputtering and deposition during ASPN. 10, 13, 19, 20, 35) In this model, nitrogen ions sputter the screen, the sputtered materials form nitrides with nitrogen in the plasma, and nitrides deposit on the sample s surface. It is thought that this model can be adapted to the bias-off of the ASPN process in this study. The uniformity of the thickness of the S-phase layer nitrided with bias-off of the ASPN process was observed while that with bias-on was not observed. In addition, the thickness of the S-phase layer nitrided with bias-on was much thicker than that nitrided with bias-off. Figure 6 shows the effect of the nitriding time of ASPN on the layer thickness. The thickness of the nitriding layer of the S phase increased with increasing nitriding time. The thickness of the nitriding layer of the S-phase for the ASPN (bias-on) was much thicker than that for the ASPN (bias-off), as shown in Fig. 5 . The degree of an increase of the layer thickness of the S phase nitrided with bias-on was approximately 2.5 times greater than that nitrided with bias-off. This result indicated that nitrogen diffusion was not suppressed because of no deposited layer on the sample surface nitrided with bias-on of the ASPN process. It is thought that the formation of the nitrides and NH radicals increased because of the increase of region of plasma formation. That is, the plasma forms on both the screen and the sample for the ASPN (bias-on). The growth rate of the S-phase layer nitrided with bias-off was smaller than that of the deposited layer nitrided with bias-off of the ASPN process, as shown in Figs. 5 and 6. This result suggested that the deposited layer suppressed the formation of a nitriding layer. Figure 7 shows the GD-OES pro les of the SUS 316L samples nitrided for 126 ks at 673 K with bias-on and bias-off of the ASPN process. These were obtained for nitrogen, oxygen, iron, chromium and nickel. In Fig. 7(b) , the pro les obtained suggest a surface region approximately 5 µm thick, the deposited layer, composed of nitrides. This is consistent with the XRD result, as shown in Fig. 3 . Oxygen element was detected in the deposited layer for the bias-off, as shown in Fig. 7(b) . Saeed et al., showed that iron oxide Fe 3 O 4 was formed on the sample surface treated for the bias-off of the ASPN by XRD. 20) It is thought that for the bias-off of the ASPN process in this study, ne deposits formed without sputtering on the sample surface and very ne particles in the deposited layer resulted in the oxidation of much grain boundaries. Figure 8 shows the GD-OES pro le of nitrogen concentration of the SUS 316L sample nitrided for 126 ks at 673 K with bias-on and bias-off of the ASPN process. In Fig. 8(b) , a pro le of nitrogen concentration shows that the duplex structure of the surface region consisted of the deposited layer on the top followed by the nitriding layer (S-phase layer) in the sample with bias-off of the ASPN process. In addition, concentration gradient of nitrogen in the deposited layer and the nitriding layer was observed. That is, the interface between the deposited layer and the nitriding layer (S-phase layer) was observed. Figure 9 shows GD-OES pro- les of nitrogen concentration for SUS 316L samples nitrided for 18, 72, and 126 ks at 673 K with bias-on and bias-off of the ASPN process. In Fig. 9(a) , nitrogen-concentrated depth increased with increasing nitriding time with bias-on of the ASPN process. In Fig. 9(b) , nitrogen concentration at the interface between the deposited layer and the nitriding layer decreased with an increase of the nitriding time with bias-off of the ASPN process whereas that at the top surface was almost same. This result indicates that nitrogen diffusion for the formation of the nitriding layer (S-phase layer) beneath the deposited layer was suppressed by decreasing the nitrogen concentration at the interface between the deposited layer and the nitriding layer. These results suggested that a deposited layer on the nitriding layer formed by the ASPN process (bias-off) impeded the growth of the nitriding layer. On the other hand, nitrogen concentration at the top surface was not changed with increasing nitriding time with bias-on of the ASPN process. This result suggested that nitrogen diffusion was not suppressed because the nitrogen was supplied directly from the plasma into the sample surface. This resulted in the deeper nitriding layer was formed on the sample with bias-on compared with bias-off of the ASPN process. It is thought that the ASPN treatment with bias-on is effective for the increase of the nitriding layer thickness.
Conclusions
Austenitic stainless steel SUS 316L was treated with bias-on and bias-off of the ASPN process to investigate the deposited layer formed on the sample surface. The results sug- gested that formation of the deposited layer impeded nitrogen diffusion from the top surface to the core of the sample material and suppressed the formation of a nitriding layer. The degree of an increase of the layer thickness of the S phase nitrided with bias-on was approximately 2.5 times greater than that nitrided with bias-off during ASPN. ASPN treatment with bias-on is effective for the increase of the nitriding layer thickness.
